Abstract. Stitching is used to reduce dry-core (incomplete infusion of T-joint core) and reinforce T-joint structure. However, it may cause new types of flaws, especially submillimeter flaws. Microscopic inspection, ultrasonic cscan, pulsed thermography, vibrothermography, and laser spot thermography are used to investigate the internal flaws in a stitched T-joint carbon fiber-reinforced polymer (CFRP) matrix composites. Then, a new microlaser line thermography is proposed. Microcomputed tomography (microCT) is used to validate the infrared results. A comparison between microlaser line thermography and microCT is performed. It was concluded that microlaser line thermography can detect the internal submillimeter defects. However, the depth and size of the defects can affect the detection results. The microporosities with a diameter of less than 54 μm are not detected in the microlaser line thermography results. Microlaser line thermography can detect the microporosity (a diameter of 0.162 mm) from a depth of 90 μm. However, it cannot detect the internal microporosity (a diameter of 0.216 mm) from a depth of 0.18 mm. The potential causes are given. Finally, a comparative study is conducted.
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Introduction
Three-dimensional (3-D) carbon fiber-reinforced polymer (CFRP) matrix composites are increasingly used for aircraft construction due to their exceptional stiffness and strengthto-mass ratios. Composites made from 3-D textile preforms can reduce both the weight and manufacturing cost of advanced composite structures within aircraft, naval vessels, and the blades of wind turbines. 1 The in-plane stiffness and strength of 3-D woven composites were found to be lower, while the out-of-plane properties were higher compared with conventional two-dimensional laminates. 2 The assembly of 3-D complex composite structures indicates the need for efficient joining methods. The most frequently used joint found in structural applications is the T-joint.
The purpose of T-joints is to transfer flexural, tension, and shear loads to the skin. T-stiffeners are extensively used in aircraft wings in order to prevent skin buckling during wing loading. However, designing composite joints is more difficult than metallic joints due to the mechanical properties of composite materials. 3 In the design of T-joints, filler is inserted in T-joints and resin is used to reinforce the structure. The fiber insertion technique has the potential of creating a low-cost T-joint with improved damage tolerance and failure strength. 4 However, incomplete infusion of T-joints core (dry-core) is an essential issue. Figure 1 shows a typical dry-core in a nonstitched 3-D T-joint CFRP.
Stitching 5 is used to reduce dry-core and reinforce T-joint structure. 6 However, stitching might cause new types of flaws due to the characteristic of the structure. The corresponding study was poorly documented, especially using nondestructive testing (NDT). NDT of composite materials is complicated due to the wide range of flaws encountered (including delamination, microcracking, fiber fracture, fiber pullout, matrix cracking, inclusions, voids, and impact damage). The ability to quantitatively characterize the type, geometry, and orientation of flaws is essential. 7 The ability to identify and characterize such submillimeter flaws accurately is a challenge.
In this paper, microscopic inspection, ultrasonic c-scan, pulsed thermography, vibrothermography, and laser spot thermography using the lock-in method are performed to detect a stitched 3-D T-joint CFRP. A new microlaser line thermography is proposed; 18-μm resolution x-ray computed tomography (CT) is used to validate the detection results. A comparison between microlaser line thermography and highresolution x-ray CT is performed. It was found that microlaser line thermography can detect the submillimeter internal defects in the sample. However, the depth and size of defects can affect the detection results. The microporosities with a diameter of less than 54 μm were not detected in the microlaser line thermography results. Microlaser line thermography can detect the microporosity (a diameter of 0.162 mm) from a depth of 90 μm, but cannot detect the microporosity (a diameter of 0.216 mm) from a depth of 0.18 mm. The potential causes are discussed. Finally, a comparative study is conducted.
Specimen
The complete stitched 3-D T-joint CFRP is shown in Fig. 2(a) . The sample contains six stitching lines. The purpose of the stitching is to consolidate the T-joint structure and to reduce dry-core. The sample measures 152 mm in length, 148 mm in width, 63 mm in height, and 5 mm in thickness (excluding the T-stringer).
The front side of the sample is shown in Fig. 2(b) . The sample was detected using ultrasonic c-scan, pulsed thermography, and vibrothermography before microscopic inspection. Then, a 30 mm × 148 mm part was cut and polished for microscopic inspection. Finally, a 10 mm × 152 mm zone was detected using microlaser line thermography and highresolution x-ray tomography.
Methods and Results

Microscopic Inspection
Microscopic inspection was performed through cutting and polishing a part measuring 30 mm × 148 mm, shown in Fig. 2(b) . The purpose is to investigate the structure and internal flaws in the sample. The grinding and polishing procedure is automated, as is the procedure for the stitching of many images obtained by autofocal and self-traveling microscope. These procedures are thus automated, but they require supervision. Images are obtained using optical as opposed to scanning electron microscope, which requires polishing instead of gold sputtering. However, the overall time required for either device is probably comparable and the optical method is far more accessible. The physical size corresponding to the assembled image is about 12 mm × 12 mm, which is the largest that can be accommodated. The resolution of the inspection is 7 μm. The quality of the images is good and sufficient for inspection. There are scratches, watermarks, and dirt on these first images but these can be sorted.
The microscopic inspection results are shown in Fig. 3 . Figure 3 (a) shows the microporosities in the top section. Figure 3 (b) shows the stitching and microporosities in cross section. In Fig. 3(b) , more microporosities in the resin redundancy zone are inspected than in other zones. Most microporosities measure a diameter of about 0.1 mm to 0.2 mm, as shown in Fig. 3 .
Ultrasonic C-scan
Ultrasonic c-scan is a well-established NDT method that has the ability to detect flaws in either the partial or entire thickness of the materials. 8 It has been widely used to detect flaws in metals. 9 It is also increasingly used to detect composites due to its flexibility and convenience.
It is a challenge to detect thick 3-D CFRP using ultrasonic c-scan due to the CFRP complex internal structure. The complex internal structure can cause attenuation and scattering of ultrasonic beams. 10 Ultrasonic c-scan has been widely used to detect voids and laminates in composites. 11 However, submillimeter flaw detection was poorly documented.
Ultrasonic c-scan was performed to detect the entire sample. The water immersion method was used. The detection results using the transducer with the frequency of Figure 4 (a) shows the detection result using the pulsed-echo technique, which uses a transducer to emit ultrasonic beams, and uses the same transducer to receive the reflected signals. Figure 4 (b) shows the detection result using the through-transmission technique, which uses a transducer to emit ultrasonic beams, and uses another transducer with the same parameters to receive the transmitted signals on the opposite side. Figure 4 (c) shows the color scale for the signal amplitude percentage.
In Fig. 4 (a), many abnormalities are detected. Some of them might be voids and porosities. However, it is a challenge to identify and characterize them due to the attenuation and scattering of the ultrasonic beams, which are caused by the complex internal structure. In Fig. 4(b) , three large-sized abnormalities are shown. They might be resin abnormalities or internal structural flaws. However, they are also difficult to identify and accurately characterize. Ultrasonic c-scan using transducers with frequencies of 5, 10, and 15 MHz was also performed. However, none of the scans can identify and accurately characterize the internal flaws.
Pulsed Thermography
Infrared thermography is increasingly used to detect composites. In the past few years, a great number of new infrared thermography methods have been proposed, such as eddy-current thermography, induction thermography, vibrothermography, and so on. 12, 13 However, submillimeter flaw detection using infrared thermography was still poorly documented. Pulsed thermography is a classical NDT method. Pulsed thermography was used to detect flaws in monomaterials in its early period. In the past two decades, many studies have focused on the detection on flaws in composites. In 1996, Maldague and Marinetti proposed pulsed phase thermography to process pulsed thermography data.
14 Pulsed thermography is currently becoming a classical NDT method in the aerospace industry.
In pulsed thermography, usually a high-energy flash lamp is used to generate a uniform plane heating source on the sample surface. The heat travels through the inspected material to the subsurface anomalies (defects or damages) and back to the surface. When the pulse heat flux is applied to the sample surface, an out-of-plane heat flow is generated in the sample. The uniform temperature increase is observed on the surface, if the sample has no defects. If the sample has defects such as voids and delamination damage, a localized high-temperature region appears on the sample surface just above the defect due to the insulation effect of the defects. The shape of the high-temperature region reflects the defect shape under the surface. The location, shape, and size of the defect can be estimated from the temperature distribution on the sample surface. 12, 13 Pulsed thermography was performed to detect the sample. Figure 5 (a) shows the classical pulsed thermography setup. 13 Figure 5(b) shows the experimental setup. In the setup, a midwave infrared (MWIR) camera (FLIR Phoenix, InSb, 3 − 5 μm, 640 × 512 pixels) at a frame rate of 55 Hz was used to record the temperature profile. Two photographic flashes (Balcar FX 60 with pulse duration of 5 ms and producing 6.4 kJ per flash) were used to heat the sample. Figure 6 shows the detection results before the microscopic inspection. Figure 6(a) shows the image from first derivative image processing. Figure 6(b) shows the image from second derivative image processing. In Fig. 6 , some voids measured around 1 to 2 mm are inspected. Pulsed thermography can detect large-sized flaws. However, it is a challenge to characterize submillimeter flaws. Several image processing methods were conducted. However, none of them can identify and characterize submillimeter flaws.
Vibrothermography
Vibrothermography, also known as ultrasonic thermography or thermosonics, utilizes mechanical waves to directly stimulate internal defects without heating the surface as in optical methods such as lock-in thermography and pulsed thermography. In classical ultrasound testing, a transducer is placed in contact with the sample with the help of coupling media. The ultrasonic waves travel through the specimen and are transmitted back to the surface where the transducer picks up the reflected signal (pulsed-echo technique), or they are collected on the opposite side (transmission). The principle of defect detection is based on the differences in specific acoustic impedances between materials. In vibrothermography, ultrasonic waves travel freely through a homogeneous material, whereas an internal defect produces a complex combination of absorption, scattering, beam spreading, and dispersion of the waves, whose primary manifestation will be in the form of heat. Heat then travels by conduction in all directions; an infrared camera can be directed to one of the surfaces of the specimen to capture the defect signature. 13 Figure 7(a) shows the classical vibrothermography setup. 13 Figure 7(b) shows the experimental setup. In the setup, an MWIR camera (FLIR Phoenix, InSb, 3 − 5 μm, 640 × 512 pixels) at a frame rate of 55 Hz was used to record the temperature profile. The transducer horn was pressed against the sample and a burst of ultrasound wave (20 kHz, 2200 W) at a modulation frequency of 0.25 Hz and with amplitude modulated between 10% and 30% of maximum power was delivered to the sample. Figure 8 shows the detection results before the microscopic inspection. None of the two images can identify flaws. The potential reason is heat source coupling caused by the complex internal structure. 
Laser Spot Thermography and Lock-in Thermography
Laser spot thermography has been used to detect surface cracks and fiber orientation in composites. Surface crack detection using laser spot thermography was reported in 2007. 15, 16 Fiber orientation detection using laser spot thermography was reported in 2013. 17, 18 Further studies on surface cracks [19] [20] [21] and fiber orientation 22, 23 were recently reported. Figure 9 (a) shows the classical laser spot thermography setup. 13 Figure 9(b) shows the experimental setup. In the setup, an MWIR camera (FLIR Phoenix, InSb, 3 − 5 μm, 640 × 512 pixels) at a frame rate of 55 Hz was used to record the temperature profile. A diode-laser was used for heating source. The laser wavelength is 805 nm. The laser beam power is 4.2 W. A convex lens was used to focalize the laser beam. A microlens was used to detect the submillimeter flaws. The magnification of the microlens is 1×. The lock-in method was used to identify and characterize the internal flaws.
Lock-in thermography, also known as modulated thermography, is a technique derived from photo thermal radiometry. In the latter, a small surface spot is periodically illuminated by an intensity-modulated laser beam to inject thermal waves into the specimen. The thermal response is recorded at the same time using an infrared detector and decomposed by a lock-in amplifier to extract the amplitude and phase of the modulation. Photo thermal radiometry is a raster point-by-point technique that requires long acquisition times, especially in the case of deep defects involving very low modulation frequencies. Furthermore, extra hardware such as a lock-in amplifier is needed in order to retrieve the amplitude and phase of the response. Heat diffusion through a solid is a complex 3-D problem that can be described by Fourier's law of heat diffusion: E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 1 ; 6 3 ; 3 6 3
where T is the temperature, t is the time, α ¼ k∕ρc p is the thermal diffusivity of the material being inspected, k is the thermal conductivity, ρ is the density, and c p is the specific heat at constant pressure.
A four-point methodology for sinusoidal stimulation can be employed 24, 25 to calculate the phase and amplitude from the response signal. Input and output have the same shape when sinusoids are used. There is only a change in amplitude and phase that can be calculated as follows: 24 E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 2 ; 3 2 6 ; 6 9 7
E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 3 ; 3 2 6 ; 6 5 7
where A is the amplitude and φ is the phase. The four-point method is fast but it is valid only for sinusoidal stimulation and is affected by noise. The signal can be denoised in part by averaging several points instead of a single one and/or by increasing the number of cycles. Another possibility is to fit the experimental data using least-squares regression and to use this synthetic data to calculate the amplitude and the phase. These two alternatives contribute to slow down the calculations. Empirical expressions have been proposed to relate the depth of a given defect to the heat source frequency. The thermal diffusion length (μ) 26 can be used to fit experimental data and estimate the depth (Z) as proposed by 27 E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 4 ; 3 2 6 ; 4 7 4
where Z is the depth of detection, μ is the thermal diffusion length, α is the diffusivity of the material or sound area S a , and α in CFRP is 4.2 × 10 −7 ðm 2 ∕sÞ, measured by IbarraCastanedo in 2005. 27 f b is the blind frequency, while f b is related to the time when defects become visible, and this is how the thermal images are generated for a given detection depth. C 1 is a correlation constant. The reported values of C 1 range from 1.5 to 2 C 1 ¼ 1.8 are frequently adopted. 13 Figure 10(a) shows the image prior to heating. The infrared image measures 12 mm × 14 mm. Point four is the heating spot shown in Fig. 10(b) . Figure 11 (a) shows the detection result on the surface. Figure 11(b) shows the result from the depth of 0.21 mm, Fig. 9 (a) Classical laser spot thermography setup 22 and (b) experimental setup. 17 and Figure 11 (c) shows the result from the depth of 0.65 mm. The detected depths were calculated using Eq. (4). In Fig. 11 , no defect is detected. Laser spot thermography can detect internal structure and flaws using the lock-in method. However, it is a time-consuming technique. It is difficult to detect the entire sample (152 mm × 148 mm) using laser spot thermography.
Microlaser Line Thermography and X-Ray Tomography
Laser line thermography has been used to detect surface cracks. 28 However, the detection of other types of flaws was poorly documented. Li et al. used a beam expander and a cylindrical lens to convert a laser spot with a radius of around 0.9 mm to a laser line source. 28 In this paper, the authors used a galvanometer scanning mirror with a frequency of 600 Hz to generate a laser line. 29 A microlens was used to identify and characterize submillimeter flaws. Figure 12 (a) shows the experimental setup for microlaser line thermography. In the setup, the sample was fixed on a robot. An MWIR camera (FLIR Phoenix, InSb, 3 − 5 μm, 640 × 512 pixels) at a frame rate of 55 Hz was used to record the temperature profile. A diode-laser was used. The laser wavelength is 805 nm, the laser beam power is 2.9 W, and the heating time is 0.5 s. A convex lens was used to focalize the laser beam. A microlens was used to identify and characterize the submillimeter flaws; the magnification of the microlens is 1×. A galvanometer scanning mirror was mounted between the infrared (IR) camera and the sample. In Fig. 12(b) , the laser spot was converted into a laser line when the galvanometer scanning mirror swung with the frequency of 600 Hz. Figure 12(b) shows the heating source of length around 10 mm and width is around 3 mm. Figure 2(b) shows the detected zone. The laser line crosses a stitching line. The robot moved per 3 mm toward the direction shown in Fig. 2(b) . A total of 51 tests were performed to detect the 10 mm × 152 mm area shown in Fig. 2  (b) . The method is defined as microlaser line thermography. Figure 13 shows the comparison of microlaser line thermography results and high-resolution x-ray tomography results. Some specific microporosities are marked in the images. Figure 13(b) shows the surface image of a detected zone. The image was acquired using 18-μm resolution x-ray tomography. Some microporosities are detected on the surface. Figure 13(a) shows the microlaser line thermography image in the same zone. The infrared image was from cold image subtraction. This image processing method is used to reduce the effects of fixed artifacts in a thermographic sequence, for example, reflections from the environment such as residual heating coming from the lamps and even the reflection from the camera that appears during the acquisition. Since these artifacts are more or less constant during the whole acquisition, including before heating when the image is "cold," this image or the average of several images can be subtracted before heating, so their effect is reduced. In Fig. 13(a) , some microporosities on the surface such as C and D (marked in purple) are detected. However, some other microporosities on the surface such as some in the zone E (marked in yellow) are not detected. The potential cause is the infrared camera resolution limitation. The microporosities with a diameter of less than 54 μm cannot be detected in Fig. 13(a) .
In Fig. 13(a) , the microporosity A (marked in red) is detected. However, it is not detected on the surface shown in Fig. 13(b) . It appears from the depth of 90 μm shown in Fig. 13(d) . Figure 13(d) shows the x-ray tomography image from the depth of 90 μm. The microporosity A measures 0.162 mm in diameter. The microporosity A can be detected more clearly in the infrared image with the contrast rectification shown in Fig. 13(c) . Figure 13 (e) shows the infrared image from principal component thermography. 30 In Fig. 13  (e) , the performance of the microporosity A is exceptional (darker in contrast) compared to the other microporosities. These results confirm that microlaser line thermography can detect the internal submillimeter defects in the sample. However, the depth and the size of defects can affect the detection results. Figure 13(f) shows the x-ray tomography image from 0.18 mm depth. The microporosity A measures 0.306 mm in diameter from 0.18 mm depth. The microporosity B (marked in blue) is detected. It measures 0.216 mm in diameter from a depth of 0.18 mm. However, the microporosity B cannot be detected in the infrared images. One potential cause is that the depth of 0.18 mm exceeds the IR camera detection limitation with the laser power of 2.9 W. Another potential cause is that the microporosity B is below the fiber F (marked in orange) shown in Figs. 13(a) and 13(b) . This might reduce the heat diffusion. A finite-element simulation could be contributive to the analysis.
Conclusion
In this paper, several techniques were used to detect a stitched 3-D T-joint CFRP. Microscopic inspection can obtain the internal structure and submillimeter flaws in a clear manner. However, it is a time-consuming and destructive technique. Ultrasonic c-scans cannot indentify and accurately characterize the internal flaws. Pulsed thermography can detect the large-sized flaws, but cannot detect the submillimeter flaws. Vibrothermography cannot detect the internal flaws due to the CFRP's complex structure. Laser spot thermography using the lock-in method can detect the internal structure and flaws. However, it is a time-consuming technique.
A new microlaser line thermography was defined; 18-μm resolution x-ray tomography was used to validate the microlaser line thermography results. A comparison of microlaser line thermography and high-resolution x-ray tomography was conducted. It was concluded that microlaser line thermography can detect the internal submillimeter defects in the sample. However, the depth and size of the defects can affect the detection results. The microporosities with a diameter of less than 54 μm cannot be detected in the microlaser line thermography results. Microlaser line thermography can detect the microporosity (a diameter of 0.162 mm) from a depth of 90 μm. However, it cannot detect the internal microporosity (a diameter of 0.216 mm) from the depth of 0.18 mm. One potential cause is that the depth of 0.18 mm exceeds the IR camera detection limitation with the laser beam power of 2.9 W. Another potential cause is that the microporosity from the depth of 0.18 mm is below a fiber. It might reduce the heat diffusion. A finite-element simulation could be contributive to the analysis.
